A description in thermodynamic terms is given of ligand-membrane interaction which may occur by either or both a binding and a partition process. Results obtained by fluorescence enhancement and polarization techniques on the uptake of n-(9-anthroyloxy) fatty acids by phospholipid bilayers are analysed to show that binding rather than partition effects primarily determine the extent of probe uptake. Liposome concentration-dependence effects are also reported which required that binding results obtained with different probes be compared at fixed lipid concentrations. On this basis it is concluded that as the separation of the anthracene and carboxyl groups within the fatty acid molecule is increased, and hence as the anthracene group moves deeper into the bilayer, the fluorescent probe is bound to the bilayer with greater affinity but is accepted by fewer binding sites within the membrane. Studies on probe uptake at high ionic strength and into negatively charged bilayers indicate that hydrophobic rather than electrostatic interactions make the dominant contribution to the free energy of binding.
Introduction
In recent years fluorescent probes have proved useful for monitoring the microviscosity and surface potential of synthetic lipid bilayers and natural membranes (Radda 1975) . A disadvantage in their use is that they may perturb the bilayer structure and hence not report. accurately the physical properties of the membrane. A further problem arises from the fact that a change in the fluorescent characteristics of the probe may result either from a genuine structural alteration of the bilayer or from a change in the position of the probe (Lentz et ale 1976) . The introduction of 12-(9-anthroyloxy) stearic acid (12-AS) .and of 2-(9-anthroyloxy) palmitic acid (2-AP) overcame this latter objection to some extent (Waggoner and Stryer 1970; Bashford et ale 1976) . We have now synthesized a series of n-(9-anthroyloxy) fatty acids in which the fluorophore can take positions 2, 6, 9 or 12 along the acyl chain and we have shown that the fluorophores are located at a graded series of depths within the bilayer in an analogous way to the spin-labelled fatty acids Thulborn et ale 1978) . A diagrammatic representation of this graded location is shown in Fig. 1 .
This work is concerned with a thermodynamic characterization of the uptake of the n-(9-anthroyloxy) fatty acids into lipid bilayers which may occur via a partition process between aqueous and lipid phases, via binding to specific sites in the bilayer, or by a combination of these processes. These alternatives, applicable to other ligand-membrane interactions, are explored in theoretical terms and it is shown that, subject to certain restrictions, they may be distinguished by suitable analysis of results pertaining to the distribution of ligand between the phases. The procedures are applied to data obtained with the series of n-(9-anthroyloxy) fatty acids and comment is made on the nature of their uptake into bilayers in terms of the known molecular features of the probes.~A pproximate bilayer centre 12-AS 9-AS 6-AS 2-AP 00 00 00 00 
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Theory
The uptake of small molecules (ligands) into biomembranes is frequently analysed according to classical binding theory, the concentration of unbound ligand in the aqueous phase being taken as the total concentration of free ligand (Haynes and Staerk 1974; Ting and Solomon 1975) . This treatment is valid when the membrane possesses specific binding sites for the ligand exposed to the aqueous phase at the membrane-water interface and there is no distribution of ligand between the phases due to a partition process. However, some ligands, including certain enzyme substrates, drugs, and fluorescent and e.s.r. probes, have a hydrophobic or amphipathic character, and thus are potentially capable of partitioning into the membrane as well as binding to specific membrane receptors. In this work we consider situations where both binding and partition processes operate, and we suggest means of distinguishing these situations from those involving only one process or the other.
Consider the system, illustrated schematically in Fig. 2a , in which a ligand S partitions between aqueous (A) and lipid (L) phases with partition coefficient K p and, in addition, binds to receptor sites exposed to the aqueous phase on the surface of the membrane or liposome (lipid phase). The latter reactions, LS i -1 +S +± LSi (i = 1, 2, ... , q) where there are q sites per lipid entity, are considered to be described by a single intrinsic association constant, K A (Klotz 1946) . The total volume (in litres) of the system is taken to be the sum of the volumes of the individual phases introduced, VA+ V L , and, thus, the total number of moles of ligand introduced is given by (1), expressing the moles of ligand bound to receptor sites on the lipid phase, is the standard expression for this quantity derived earlier (Klotz 1946; Nichol et ale 1967 (1), (2) 
where V L is the molar volume of lipid.
Reference is now made to Fig. 2b where partitioning of ligand is again visualized, but with heterogeneous association between ligand and receptor site occurring within the lipid phase. In this case it is appropriate to define an intrinsic binding constant K L and to rewrite equation (2) and the third term of equation (1) Since K A and the product K L K; are both constants (on the implicit assumptions of thermodynamic ideality), it is clear that equations (5) and (6) are of exactly the same form. This means that it is not possible with the use of thermodynamic data, (r, [SA] ) points, to distinguish between models with different placement of receptor sites. At the same time it does .mean that a single functional relationship exists between r and [SA] for a variety of situations and (albeit the microscopic interpretation of derived constants be different) it suffices to discuss only one. such form: we choose equation (5).
The form of equation (5) immediately suggests that the experimentally feasible plot of I/r versus I/[SAl will provide much useful information. In the first place, such a plot will be strictly linear only for the cases involving either partitioning alone
Further distinction between these cases is possible, since the plot for the former will pass through the origin (with slope I/vL K p), while that for the latter will intersect the ordinate at I/q (and have slope I/qK A).
This distinction rests on the ability to extrapolate data to I/[SA]~0 ([SA]~(0)
and thus is dependent on points obtained at relatively high ligand concentrations. In this connection, it is noted that with .certain systems the distinction between binding and partition processes (if appropriate) may therefore be rendered difficult by solubility limits of the ligand or by possible perturbation of the bilayer structure induced by dense packing of molecules in this phase.
Secondly, for cases where both binding and partitioning operate, a plot of y = I/r versus x = I/[SA] will pass through the origin and will be non-linear according to
Differentiation of equation (7) 
and, thus, the plot or rversus [SA] tends to become linear with slope vLKp and intercept q. Fig. 3 presents a numerical example of direct and double reciprocal plots of (r, [SA] ) data calculated using equation (5) and illustrating the potential means of evaluating the constants q and VL K p • Once these constants have been evaluated, the (r, [SA] ) data could readily be analysed using equations (5) or (6) to find K A or its equivalent K L K p , thereby defining the system within the limits of thermodynamic interpretation.
Experimental
Egg phosphatidylcholine was prepared from egg yolk by the method of Singleton et al. (1965) : some samples were purchased from Lipid Products (U.K.) as was phosphatidylserine (bovine spinal chord). All phospholipid preparations gave a single spot on thin layer chromatography when tested with a variety of solvent systems. Phospholipid concentrations were determined by phosphorus analysis according to the procedure described by Allen (1940) or by the more sensitive method given by Itaya and Ui (1966) . 8-Anilino-l-naphthalenesulphonate (ANS) and N-phenylnaphthylamine (N tfiN) were purchased from Sigma. n-(9-Anthroyloxy) fatty acids were prepared from the appropriate hydroxy fatty acids .
Liposomes were prepared by sonication of ice-cooled aqueous phospholipid dispersions under nitrogen. A 3-min sonication. was sufficient to obtain optical clarity of egg phosphatidylcholine. Ultraviolet spectra of liposome preparations were routinely obtained to check that the formation of oxidized products was minimal (Klein 1970 ). Sonication did not result in the formation of lysolecithin or fatty acids as tested by thin layer chromatography. Continuous addition of probe to a liposome suspension in a single cuvette proved impractical due to the slow time-dependent uptake of probe. Instead a series of tubes with increasing concentrationsofprobewerepreparedandincubatedat25°C: 2 h was sufficient for complete probe uptake as determined by fluorescence intensity and polarization measurements. This incubation was carried out in the dark since exposure to normal light in the laboratory caused a measurable decrease in fluorescence intensity over long periods presumably due to mild photobleaching reactions (McGrath et ale 1976) . Samples were not exposed to the excitation light (366 nm) of the fluorometer for more than 15 s to avoid photobleaching. All determinations were made in duplicate and corrected for light scatter. The absorbance at the excitation wavelength never exceeded 0·1 optical density units so that no corrections were required for concentration quenching. Measurements were made with a Hitachi-Perkin Elmer MPF 3 spectrofluorometer equipped with a thermostated cell holder.
n-(9-Anthroyloxy) fatty acids undergo a 20-30-fold enhancement of fluorescence when transferred from an aqueous to a hydrophobic environment. Although this enhancement is small compared to that of some other probes [e.g. 245-fold for ANS (Stryer 1965) ]it is sufficient to allow the determination of probe uptake. The fluorescence intensity of fully bound probe, lb, was determined at a single probe concentration by plotting the reciprocal of observed intensity, lobs, against the reciprocal of the phospholipid concentration. Over a wide concentration range this plot is not linear but the extrapolation to the ordinate axis provides lb. Values of lb at other probe concentrations were found by simple proportion. The fraction of probe bound, f, was calculated from the standard relation f = (lobs-la)/(lb -la), (9) where I, is the intensity of the probe in the aqueous phase at a concentration equal to its total concentration in the mixture. The corresponding values of the binding function, r, were calculated from the expression r = f ns/nL, whereupon equation (3) .:
for each determination. 
Results
The first set of experiments to be reported explored the question of the dependence of total probe uptake by phosphatidylcholine liposomes on the structure of the fatty acid probe with regard to the position of the anthracene group on the acyl chain. With the use of the fluorescence intensity measurements used to determine values of I b , it is possible to employ equation (9) to calculate r for a series of fatty acid probes and thereby to compare their relative efficiency of uptake at fixed concentrations of phosphatidylcholine. It was found, for example, with a total probe concentration of 3·0 x 10-6 mol 1-1 and with comparisons made at a total phosphatidylcholine concentration of 1·0x10-5molrc-1 that values of r (shown in parentheses) decreased in the following order: 2-AP (0·17) > 6-AS (0·12) > 9-AS (0·11) > 12-AS (0·09). This relative order of efficiency of probe uptake was found to pertain at other fixed phosphatidylcholine concentrations, the differences in r being most pronounced at low lipid concentrations where values of r are higher. Moreover, the relative order of efficiency was confirmed by studying the dependence of fluorescence polarization on probe concentration at a fixed lipid concentration of 5 x 10-4 mol 1-1 . These results are summarized in Fig. 4 from which it is evident that the decrease in polarization with increasing probe concentration is in the order 12-AS > 9-AS > 6-AS > 2-AP. Since the decrease of polarization with increasing probe concentration is due to an increase in the concentration of free probe which undergoes relatively rapid Brownian motion in the aqueous phase, it follows that at any single probe concentration the amount bound to or distributed in the lipid phase is in the reverse order, namely 2-AP > 6-AS > 9-AS > 12-AS.
A more detailed exploration of the thermodynamic parameters which govern total probe uptake was undertaken employing 12-AS and 2-AP. These probes were selected not only because of their greater availability, but also because they are the extreme compounds in the scale of uptake efficiency established above. Fig. 5 presents double reciprocal plots describing the uptake of 12-AS to egg phosphatidylcholine liposomes at several liposome concentrations. The solid lines represent an attempt to average the data by the method of least squares and within available experimental . precision reasonably describe the results in terms of a family of straight lines converging at a common intercept (11, standard deviation ±1) on the ordinate axis. (Fig. 2b) , since both of these models are associated with a zero value for the ordinate intercept and the latter with curvilinearity of reciprocal plot form. At first sight, therefore, it appears that the uptake of 12-AS is due to binding to equivalent and independent sites on the liposome comprising a mean value (Ijq) of 11 phospholipid molecules per site. In these terms [equation (5) Table 1 . This was done in establishing the order or efficiency of uptake which specified that a greater amount of 2-AP was bound than 12-AS. It is now clear that this effect cannot be attributed to a greater affinity constant for 2-AP (for indeed, as Fig. 6 shows, the reverse is true at all liposome concentrations); but rather to a greater density of binding sites in the bilayer for 2-AP (1 site per 3 phospholipid molecules compared to 1 site per 11 phospholipid molecules for 12-AS, Table 1 ).
The probe 2-AP (that associated with the greatest value of r) was selected to examine the effects on binding of the treatments summarized in the last four rows of Table 1 referring to sonicated phosphatidylcholine as acceptor. An increase of ionic strength is seen in row 4 to have little effect on binding, the density of binding sites remaining the same within experimental error and log K A marginally decreasing. In row 5 it is observed that 2-AP binds almost as strongly to negatively charged liposomes composed ofphosphatidylserine. From row 6 it is apparent that cholesterol can be incorporated into the bilayer (30 mol/IO) mol) with little effect on binding affinity. Formation of a vortexed dispersion of phosphatidylcholine (multilayered liposome, row 7) resulted in a decreased density of binding sites (1 site per 6 phospholipid molecules) and a marginally increased value of 10gK A • Discussion It appears that the uptake of n-(9-anthroyloxy) fatty acids into liposomes is best described in terms of a binding process rather than one involving partitioning alone or a combination of binding and significant partitioning. Thus, attempts to fit each set of data in Fig. 5 to equation (5) (kindly performed by Dr R. Duggleby) led to a statistically insignificant value for the partition coefficient K p : moreover, for all systems studied the ordinate intercepts of reciprocal binding plots, reported in the fourth column of Table 1 , were not zero. This does not exclude the possibility that some slight partitioning might accompany binding (as illustrated, for example, in Fig.2b) ; for as equation (6) shows, with K; small and KLK p large, the system would exhibit the characteristics of the dominating binding component. However, despite this reservation it seems that the simplest interpretation of the present results is in terms of the binding parameters, site density (II q) and intrinsic association constant
However, it would be unwise to oversimplify the interpretation in terms of binding to equivalent and independent sites on a non-interacting acceptor (Klotz 1946 ).
In the first place equation (5) with K; = 0 is the standard Langmuir adsorption isotherm as described by equation (1) of McLaughlin and Harary (1976) and therefore ignores any change in surface potential produced by binding of the ligand. As pointed out by the latter workers, a more detailed treatment requires consideration of the isotherm values of site density (11q) referring to the acceptor structure considered unperturbed by ligand binding in the range examined. Of greater concern is the observation that liposome concentration-dependence effects were observed (Figs 5 and 6) which cannot be explained simply by ligand binding to equivalent and independent sites on a non-interacting acceptor. Acceptor concentration-dependence of a normalized binding function [equation (3)] generally arises when the acceptor coexists as an equilibrium mixture of non-isomeric states (Nichol and Winzor 1972 ) such as polymers formed by self-interaction (Nichol et ale 1967) or ligand induction (Nichol and Winzor 1976) . In the present'context, this suggests that the observed concentration-dependence effects might be attributable to an interaction between liposomes and it is, therefore, of interest that recent reports have described conditions under which bilayers may fuse together. For example, myristic acid introduced into dimyristoyl phosphatidylcholine vesicles can induce fusion (Kantor and Prestegard 1975) and it has been suggested that any type of structural defect in the bilayer is sufficient to reduce the activation energy ofthe fusion process (Lawaczek et ale 1976 The major finding from such comparisons was that while values of r and site density (ljq) for 2-AP were greater than those for 12-AS, the reverse held for apparent K A values. The latter finding, that the binding affinity is greater when the anthracene group is attached to carbon 12 rather than carbon 2 of the acyl chains, may be attributed to the shorter carbon chain of 2-AP and/or to the possibility that hydrophobic interactions between the acyl chains of one phospholipid and probe molecules are greater when the fluorophore is buried deep in the membrane away from the polar head group region of the bilayer. Certainly, electrostatic interactions do not seem to play an important role in this connection, since an increase of ionic strength or replacement of phosphatidylcholine as acceptor by a negatively charged bilayer of phosphatidylserine only marginally decreased the extent of binding of 2-AP (Table 1) . The related question of site density, the number of phospholipid molecules' which make up a binding site, should reflect the geometric possibilities of packing each particular probe within the bilayer structure. X-ray diffraction studies (Levine et ale 1968) have shown. that the acyl chains of phospholipid molecules are arranged in a hexagonal or disordered hexagonal array, which can result in the polar head groups being packed in a 'quadratic' array (Levine et ale 1968; Haynes and Staerk 1974) . The fatty acid probe may be inserted into this quadratic array between the head groups such that the binding at one site precludes binding at adjacent sites due to perturbation of adjacent phospholipid molecules. This model, which is similar to that proposed by Haynes and Staerk (1974) for the binding of l-anilino-8-naphthalene sulphonate, results in there being one site per four phospholipid molecules and is seen to satisfy the data for 2-AP in phosphatidylcholine liposomes at high and low ionic strength (Table 1) . Cholesterol may also be accommodated in the bilayer without changing this ratio (Table 1) . Thus the anthracene group of 2-AP cannot cause major bilayer perturbations. which extend further than nearest neighbour molecules. We suggest that this limited disruption of the phospholipid array is a consequence of the anthracene ring being positioned near the bilayer surface. On the other hand, the number of sites in the bilayer for 12-AS is considerably less (1 site per 11 phospholipid molecules) which suggests that when the bulky anthracene group is situated deep within the membrane the perturbation is more extensive and results in a decrease in the number of sites available. The increase in the equilibrium constant and the decreased site density observed for the binding of 2-AP to vortexed phospholipid dispersions (multilayered liposomes, Table 1) suggests that an increase in the degree of curvature of the bilayer lowers the binding affinity and increases the geometric packing possibilities that are available for probe molecules.
Finally, it is noted that the order of efficiency of uptake of probes by phosphatidylcholine liposomes as measured by r values at fixed liposome concentration was 2-AP > 6-AS > 9-AS > 12-AS. This placement of the compounds 6-AS and 9-AS, with intermediate structure, lends further support to the hypothesis that deeper burial of the probe is associated with an increased binding constant and greater disruption of liposome structure leading to reduction of numbers of binding sites.
